Infrared absorption spectroscopy of few hundred H 3 ϩ ions trapped in a 22-pole ion trap is presented using chemical probing as a sensitive detection technique down to the single ion level. By exciting selected overtone transitions of the (v 1 ϭ0,v 2 l ϭ3 1 )←(0,0 0 ) vibrational band using an external cavity diode laser an accurate diagnostics measurement of the effective translational and rotational temperatures of the trapped ions was performed. The absolute accuracy of the measured transition frequencies was improved by a factor of four compared to previous plasma spectroscopy measurements using velocity modulation ͓Ventrudo et al., J. Chem. Phys. 100, 6263 ͑1994͔͒. The observed buffer gas cooling conditions in the ion trap indicate how to cool trapped H 3 ϩ ions into the lowest ortho and para rotational states. Future experiments will utilize such an internally cold ion ensemble for state-selected dissociative recombination experiments at the heavy ion storage ring Test Storage Ring ͑TSR͒.
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I. INTRODUCTION
The triatomic hydrogen molecular ion H 3 ϩ is one of the key molecules of interstellar chemistry; it is the main reaction agent in chemical networks responsible for the formation of more complex molecules in the interstellar medium. In fact, the effective formation reaction studied in detail by Glenewinkel-Mayer and Gerlich, 1 H 2 ϩH 2 ϩ →H 3 ϩ ϩH, ͑1͒
which is exothermic by 1.7 eV, renders H 3 ϩ the dominant ion in hydrogen plasmas at cold and moderate temperatures. Moreover, due to its fundamental importance as the most simple polyatomic molecule, H 3 ϩ is a much studied system both theoretically and experimentally. 2 The recombination rate of H 3 ϩ with electrons constitutes a crucial parameters for modeling interstellar clouds 3 and it is still a controversial issue. The last 40 years have seen numerous measurements of the thermal rate coefficient for dissociative recombination ͑DR͒ with electrons and the results have varied by several orders of magnitude. 4, 5 Different rovibrational level populations have been discussed as one possible source of the discrepancies. Using the Coulomb explosion imaging technique at the Test Storage Ring ͑TSR͒ storage ring, it could be shown, however, that vibrationally excited states of H 3 ϩ relax within ϳ2 s of storage due to spontaneous radiative decay 6 and have therefore no influence on DR measurements after long storage times. On the other hand, DR fragment imaging revealed the existence of longlived rotational states with an effective temperature as high as 0.23 eV, 7 which is in agreement with estimates from a rovibrational relaxation model 6 based on transition strengths calculated by Tennyson and co-workers. 8 Using a cold supersonic expansion ion source, a recent DR measurement with rotationally cold, albeit not state selected, H 3 ϩ ions was performed at the storage ring Cryring in Stockholm. 9 It showed indeed a reduction in the derived DR rate coefficient for thermal electrons at 300 K by 40% to 6.8ϫ10 Ϫ8 cm 3 s
Ϫ1
compared to the best previous measurements at high rotational temperature. 10, 11 At the same time the discrepancy with stationary afterglow results that indicate a very low recombination rate of Ͻ4ϫ10 Ϫ9 cm 3 s Ϫ1 is still unresolved. 12 In the same paper predictions for the rate coefficient of the two lowest ortho and para rotational states have been given, differing by a factor of 2 at 10 K; this could not be disentangled in the recent Cryring experiment.
To investigate the dependence of the H 3 ϩ rate coefficient on the rotational state, with emphasis on the lowest para and ortho states, a new ion source based on a cryogenic ion trap was constructed 13 for the storage ring TSR at the MaxPlanck-Institut für Kernphysik in Heidelberg. In the 22 pole ion trap 14 H 3 ϩ ions are trapped and sympathetically cooled in a buffer gas to temperatures of 10-100 K at which only the lowest rotational states are expected to be populated. Recently, it was demonstrated that about 4ϫ10 5 ions can be stored in the ion trap and in experiments with HD and D 2 buffer gas the formation of deuterated clusters of up to 40 amu was observed, indicating the realization of temperatures well below room temperature.
Before embarking on H 3 ϩ DR measurements in the storage ring, we show in this work that rotational and translational degrees of freedom of the trapped H 3 ϩ ions indeed thermalize and under which conditions they may reach temperatures relevant for the interstellar medium. 15 For this purpose we performed infrared action spectroscopy on the second vibrational overtone using a chemical reaction of vibrationally excited H 3 ϩ as the probing technique. The absence of a permanent dipole moment as well as stable electronically excited states render infrared spectroscopy the only feasible approach. Since the discovery of the first infrared lines in the laboratory in 1980, 16 ϩ are labeled by their quantum numbers (J,G) ͑see Fig. 1͒ . J is the total angular momentum associated with the motion of the nuclei. Instead of using the projection k of J onto the molecular symmetry axis, which is a good quantum number for most symmetric top molecules, one uses in H 3 ϩ the quantum number Gϭ͉kϪl͉, because of a near degeneracy for levels with the same G due to the Coriolis coupling to the vibrational angular momentum. For l 0 and (JϪ͉l͉)уGу1 there are two different ways to form the same G; these two nondegenerate levels are labeled ''u'' for ''upper'' and ''l'' for ''lower.'' The Pauli principle, which requires a totally antisymmetric wave function under nuclear permutations, links the total nuclear spin I, which is either 1/2 for para-H 3 ϩ or 3/2 for ortho-H 3 ϩ , to the G quantum number. Iϭ3/2 requires Gϭ3n (nϭ0,1,2,...) and Iϭ1/2 requires Gϭ3nϮ1. In addition, certain Gϭ0 levels do not satisfy the symmetry requirements at all, most notably the Jϭeven levels in the ground vibrational state. For the R-branch (⌬Jϭϩ1) transitions studied in this work the angular momentum selection rule is ⌬Gϭ0; these transitions are labeled by R(J,G) u/l , where R denotes the R-branch, the (J,G) quantum numbers refer to the lower state and the superscript u/l reflects the corresponding u/l label of the upper state. 17 
Previous H 3
ϩ absorption studies measured direct absorption signals and thus required high H 3 ϩ number densities, long optical path lengths, and lock-in techniques such as velocity modulation due to the weak transition strengths of vibrational overtone transitions. Our approach relies on chemical probing of laser-excited states with more than two quanta of vibrations by the endothermic reaction
This is one of the few endothermic reactions of H 3 ϩ , which normally acts as a rapid proton donor in barrierless exothermic reactions. Detection of ArH ϩ product ions is therefore a clear and very sensitive probe of vibrationally excited H 3 ϩ ions.
The earliest applications of chemical probing as a sensitive technique for action spectroscopy employed ion beams 18, 19 and ion flow tubes. 20 Recently, experiments in a multipole ion trap have employed chemical probing detection schemes to study electronic and vibrational spectroscopy of N 2 ϩ21 and C 2 H 2 ϩ , 22, 23 respectively. Predissociation of weakly bound clusters after infrared excitation represents a similar action spectroscopy technique that has been used in a number of experiments ͑cf. Refs. 24 and 25͒.
In the experiment presented here we were able to use chemical probing spectroscopy to measure absorption profiles of the three lowest rotational transitions using only a few hundred trapped H 3 ϩ ions ͑see Fig. 1͒ . The experimental procedure will be outlined in the following section, followed by the presentation of results and a discussion of the thermalization process in the ion trap.
II. EXPERIMENTAL PROCEDURE
The major components of the experimental setup ͑see Fig. 2͒ are a storage ion source, an rf multipole ion trap and a product ion quadrupole mass spectrometer capable of single ion detection. High precision gas inlet valves allow to deliver hydrogen, helium, and argon gas ͑impurity fraction 10 Ϫ4 ) to the ion source and the ion trap. The infrared excitation light was delivered by a grating stabilized diode laser.
The H 3 ϩ ions were produced in a radiofrequency storage ion source. 26 Its main components are a stack of molybdenum plates with several U-shaped channels. The plates are electrically insulated by small ruby spheres between them and alternatingly connected to an rf signal of 12 MHz and 200 V amplitude peak to peak. During operation hydrogen gas is let into this structure by a sapphire precision valve and ionization is achieved by electron emission from a hot 0.3 mm rhenium filament situated above one side of the molybdenum stack. The H 2 ϩ ions created in collisions with the electrons are stored by the effective rf potential and thus they are likely to meet a neutral H 2 molecule in which case H 3 ϩ is produced. The ions are allowed to leave the volume only through a dedicated exit electrode that is connected to the entrance of the guiding quadrupole ͑quadrupole 1 in Fig. 2͒ .
In the present experiment it was vital to keep the hydrogen pressure in the apparatus at a minimum in order to suppress the influence of H 2 on the buffer gas cooling as well as the destruction of ArH ϩ formed in reaction ͑2͒ through the inverse reaction with H 2 molecules ͑see also Sec. III below͒. A differential pumping section between the ion source and the main chamber was not implemented, because the setup needs to be compact to be compatible with the ion accelerator of the storage ring TSR. The source was therefore operated at an estimated hydrogen pressure of about 10 Ϫ4 mbar ͑resulting in a partial H 2 pressure of 4ϫ10 Ϫ7 mbar in the main vacuum chamber͒ at the expense of a comparatively low H 3 ϩ ion yield. During operation as a source for the storage ring TSR a higher pressure and a correspondingly higher ion yield will be employed.
The 22-pole ion trap is the central part of the setup ͑see Fig. 2͒ . Details of this trap have been published elsewhere 27 and only a brief description is given here. Storage is achieved by a cylindrical structure of 22 stainless steel rods planted alternatingly into two copper side plates that are supplied by an appropriate rf voltage ͑19.2 MHz, 30 V amplitude peak-to-peak͒. In this way a cylindrical effective potential is formed, similar to the classical Paul trap confinement but with the important difference that the potential walls are much steeper, since they scale with r. 20 In the axial direction the particles are trapped by small dc voltages ͑1-2 V͒ applied to cylindrical entrance and exit electrodes. The advantage compared to the traditional Paul trap arrangement is the large field free region in the center of the trap, which allows for a reduction of rf heating and thus permits improved thermalization of the ions' internal degrees of freedom.
The whole trap device is mounted on a cold head ͑Ley-bold Coolpower 2/10͒ capable of cooling the trap to a temperature of 10 K, measured with two silicon diode thermometers. For the current chemical probing spectroscopy experiment, the trap was heated to ͑55Ϯ5͒ K using a heating filament at the base of the trap. The higher temperature was necessary to keep argon from freezing on the trap electrodes and to maintain an argon vapor pressure that is well above the argon partial pressure employed in the experiment.
The trap is loaded with a 10 s long pulse of H 3 ϩ ions that is transported from the ion source into the trap through a quadrupole ion guide ͑quadrupole 1 in Fig. 2͒ ; the trap could be filled reproducibly over several days of operation with 300Ϯ20 H 3 ϩ ions. Figure 3 shows a representative measurement of the number of trapped H 3 ϩ ions as a function of storage time. The lifetime of these ions in the trap is larger than 2 s and is limited by the proton transfer reactions with traces of N 2 molecules in the residual gas of the vacuum chamber, leading to the formation of N 2 H ϩ ions which are also trapped but which have no further influence on the experiment. The base pressure of the residual gas in the vacuum chamber amounts to about 8ϫ10 Ϫ9 mbar, corresponding to a particle density of 3ϫ10 8 cm Ϫ3 . With a large N 2 component in the residual gas this density explains well the measured H 3 ϩ decay constant, given that the proton transfer rate coefficient to N 2 amounts to about 2ϫ10 Ϫ9 cm 3 /s. To achieve collisional cooling of the translational as well as internal degrees of freedom of the trapped H 3 ϩ ions the trap is flushed continuously with helium buffer gas. The gas density inside the trap is derived from a differential pressure measurement in the main vacuum chamber compared to the base pressure without buffer gas. The calibration factor linking the density inside the trap to the pressure reading in the main vacuum chamber follows from measuring a calibration reaction, in this case the decay of H 3 ϩ in reaction with D 2 . An independent calculation of the calibration factor relies on the conductance of the trap openings and the pumping speed connected to the chamber; it agrees with the calibration measurement well within the estimated accuracy of the density measurements of about a factor of 2.
In this experiment the employed helium density inside the trap was adjusted to about 4ϫ10 11 cm Ϫ3 ͑see Table I͒. Higher gas densities were not useful because the impurity concentration in the gas inlet system of 10 Ϫ4 leads to a significantly faster H 3 ϩ decay in the trap. Through a second gas inlet argon is passed into the trap ͑particle density of about 2ϫ10 11 cm Ϫ3 ) to provide the neutral reactant for the chemical probing spectroscopy based on reaction ͑2͒ ͑see the following section͒. The typical collision time of trapped ions with the helium and argon buffer gas amounts to about 1-2 ms. The trapped H 3 ϩ ions were stored for 230 ms prior to the laser interaction ͑see Fig. 3͒ . This allowed for about 100-200 buffer gas collisions, which is expected to be sufficient to achieve translational and rotational cooling. The time scale for vibrational cooling by buffer gas collisions is not known; however all vibrational levels decay by spontaneous radiative transitions, 6 so that after 230 ms at most a small metastable fraction of the H 3 ϩ ions still populates the lowest symmetric stretch vibrations and are thus invisible to the absorption laser.
Both helium and argon are passed into the trap through teflon tubes wrapped around the cold head where they undergo a number of collisions with the tube walls which leads to an efficient thermalization of the gas prior to entering the trap volume. The buffer gas atoms then stay inside the trap for about 100 collisions with the trap walls. Their translational temperature is therefore expected to be well characterized by the ͑55Ϯ5͒ K trap wall temperature. An additional constituent of the buffer gas in the trap arises from an influx of H 2 molecules from the H 3 ϩ ion source, even at the low H 2 operating pressure in the ion source, due to the lack of a differential pumping stage. This influx leads to an H 2 density in the ion trap of about 2ϫ10 10 cm Ϫ3 , obtained from the decay time of ArH ϩ ions in the trap ͑see the following section͒.
To measure mass spectra of the stored ions after extraction from the trap a quadrupole mass spectrometer in combination with a Daly-type scintillation detector 28 is employed, which allows for the detection of single stored ions with nearly unity detection efficiency. The quadrupole consists of four stainless steel rods of 18 mm diameter ͑quadru-pole 2 in Fig. 2͒ powered by an Extrel mass spectrometer power supply. The electrical arrangement allows for mass scans between 2 and 50 amu.
An infrared diode laser was used to deliver 1.38 -1.39 m radiation suitable for exciting H 3 ϩ into the (03 1 ) vibrational level. The employed laser was a commercial gridstabilized diode laser system in Littmann-Metcalf 29-31 configuration ͑Sacher͒. The linewidth of such lasers is typically below 10 MHz. Frequency scans over a range of 2 GHz were performed mode-hop free across the resonances using the piezoactuator on the end mirror of the external laser cavity. The absolute laser frequency was measured with an accuracy of Ϯ500 MHz using a commercial wavemeter ͑Burleigh͒. No active frequency locking was employed.
The optical setup is shown in Fig. 2 . After having passed the apparatus the laser beam is retroreflected to increase the intensity in the interaction region. Continuous wavelength measurements with the wavemeter are achieved using a glass plate beamsplitter. A mechanical shutter 32 allowed to pass the laser through the ion trap only during the desired storage times. This is monitored with the help of an InGaAs photodiode, onto which the backtraveling laser beam is focused. The laser power traversing the interaction region was estimated to be roughly 1.8 mW.
III. CHEMICAL PROBING SPECTROSCOPY
In the present experiment infrared absorption starting from several low lying rotational states of H 3 ϩ was measured indirectly using chemical probing based on reaction ͑2͒. This reaction is endothermic by 0.57 eV for H 3 ϩ in the vibrational ground state, i.e., it becomes only exothermic for molecules that have absorbed at least two quanta of vibrational energy. In particular, for excitations into the second overtone of the asymmetric stretch (03 1 ) it becomes exothermic by 0.23 eV. We expect that reactions of the vibrationally excited H 3 ϩ ions proceed with a large, Langevin limited rate coefficient of about 2ϫ10
Ϫ9 cm 3 /s, similar to most proton transfer reactions of ground state H 3 ϩ ions. At an argon buffer gas density in the trap of 2ϫ10 11 cm Ϫ3 this reaction should therefore proceed with a time constant of about 2 ms. This is faster 0,3 1 ) level, namely radiative decay to lower vibrational levels, which is characterized by a 3 ms time constant. 8 Mass spectrometric detection of the number of formed ArH ϩ ions as a function of the laser frequency will therefore yield a direct action spectrum of the infrared absorption.
The fact that about 25% of the trapped H 3 ϩ ions are initially in high lying vibrational levels ͑due to inefficient cooling in the ion source given the low pressure conditions necessary for the absorption experiment͒ allowed us to observe the formation of ArH ϩ ions according to reaction ͑2͒ without laser interaction during the first milliseconds of storage time. As viewed in Fig. 3 33 The ArH ϩ decay has two important consequences for the experiment. On the one hand, the laser interaction time with the trapped H 3 ϩ ions was limited to 20 ms, because no further ''breeding'' occurs for longer storage times. On the other hand, the laser interaction has to occur at a storage time where the initial ArH ϩ population has decayed to a level that is low enough to observe the laser-induced formation of ArH ϩ ions. This was achieved for a laser interaction time of 230-250 ms of storage ͑see Fig. 3͒ where the ArH ϩ level has decayed to an average level of well below one trapped ion. As described in the preceding section, this time window also leads to a good buffer gas cooling of the trapped H 3 ϩ ions while keeping the decay of H 3 ϩ to a minimum. Thus, in the experiment the trapped H 3 ϩ ions are buffer gas cooled for 230 ms and then irradiated by the infrared laser at given frequency for 20 ms. After that the ion trap is emptied and the ArH ϩ product ions are counted after the quadrupole mass spectrometer. This cycle is repeated for each point of the laser frequency scan.
The formation rate
u/l with transition frequency 0 is determined by the fraction f (J,G) (Ϫ 0 ) of the H 3 ϩ ions in the subensemble that can interact resonantly with the laser, the coupling strength of these ions to the laser field, given by the Einstein coefficient B R(J,G) u/l and the spectral energy density of the laser (Ϫ L ) around its center frequency L ,
The fraction f (J,G) (Ϫ 0 ) depends on the relative population of the initial rotational state p (J,G) , the geometrical overlap of the ion cloud with the laser beam, which is estimated from the ratio of the laser cross section to the trap cross section (A L /A trap ) ͑about 10%͒, and due to the Doppler effect on the laser frequency . It is therefore given by
where the normalization constant Cϭ ͱ mc 2 /2k B T 0 2 , and the Doppler width is described by the standard deviation 
Note, that this rate is independent of the laser bandwidth, since at lower bandwidth less ions are addressed within the Doppler profile but with higher spectral intensity. The total number of ArH ϩ ions that are formed within the laser interaction time t L is given by solving the rate equation
The first term accounts for the formation of ArH ϩ from H 3 ϩ while the second term describes the backreaction of the ArH ϩ ions with H 2 into H 3 ϩ with a time constant . As a result, one obtains
which is based on the safe assumption that depletion of the H 3 ϩ ions can be neglected during the laser interaction time. Figure 4 shows a calculation of the number of expected ArH ϩ ions, N ArH ϩ, formed in the trap by resonant laser interaction as a function of the temperature T. The three curves display the result for the three lowest rotational states of H 3 ϩ . The calculation assumes a Boltzmann level population, calculated Einstein coefficients 8 and a geometrical overlap of 10%. Furthermore, the number of trapped H 3 ϩ ions was assumed to be 250, corresponding to the situation in the experiment. Under these conditions we expect that the stron- ϩ ions as a function of temperature, assuming the rotational and translational temperature to be equal. Shown are results for the three infrared transitions studied in the experiment with the laser assumed to be on resonance. The expected average signal of less than one excited H 3 ϩ ion per trap filling required a low background and stable operating conditions. gest signal is observed for the R(1,0)(0,3 1 )←(0,0 0 ) transition over the whole temperature range from 40 K to 300 K. At 55 K we expect a signal strength of about 1.2 ArH ϩ ions per trap filling when the laser is tuned into resonance. The R (1, 1) u (0,3 1 )←(0,0 0 ) transition yields half of this signal estimate, about 0.6 ions per trap filling. The expected signal for the third transition R (2, 2) l (0,3 1 )←(0,0 0 ) is lower by another factor of 5. Thus, the calculation shows that in order to observe absorption signals from the lowest rotational levels data has to be accumulated over many trap fillings. Stable conditions throughout continuous hours of measurement were therefore essential for this experiment.
IV. RESULTS
We have measured the absorption profiles of three infrared overtone transitions of H 3 ϩ via chemical probing spectroscopy which are displayed in Fig. 5 . The spectra show the background-corrected number of detected ArH ϩ ions per trap filling, plotted as a function of the laser detuning from the resonance. Approximately 500 trap fillings and background measurements, respectively, were averaged for each spectrum.
Based on Ref. (2, 2) l (0,3 1 )←(0,0 0 ) transitions. Thus, the three observed transitions are R-branch transitions starting from the three energetically lowest rotational states of H 3 ϩ , which are located 64.1, 87.0, and 169.3 cm Ϫ1 above the symmetry forbidden virtual ͉0,0͘ ground state of H 3 ϩ ͑see the level scheme in Fig. 1͒ . The most prominent signal is found for the transition starting in the ͑1,0͒ state of the vibrational ground state.
Table II compares the center frequencies of the three observed peaks with the measurements and theoretical values presented in Refs. 34 and 17. The good agreement with the previous measurement within the experimental accuracy proves our assignment of the three transitions, while a small, but significant discrepancy remains with respect to the calculated frequencies. As seen in Table II the accuracy of the present measurement is better by a factor of 4 as compared to the previous one. Note that the accuracy in our measurement is only limited by the absolute frequency uncertainty of the employed wavemeter.
The linewidths of the absorption profiles in Fig. 5 are dominated by Doppler broadening. Therefore the profiles unveil the translational velocities of the stored ions in the initial states of the transitions. Hence we can assign a translational temperature to the ions in these states. A Gaussian fit yielded a standard deviation of D ϭ(470Ϯ30) MHz for the strongest line and compatible values for the two weaker lines. According to Eq. ͑5͒ this corresponds to a translational temperature of ͑170Ϯ20͒ K.
The relative population of each of the rotational states is obtained by dividing the amplitude of each resonance peak by the Einstein coefficient for the corresponding transition. We found that the populations of the three lowest rotational states correspond in energetically ascending order to 1:1.6͑2͒:0.54͑8͒. In thermal equilibrium the populations p (J,G) are linked to the temperature according to
where the statistical weight g (J,G) ϭ(2Jϩ1)(2Iϩ1) depends on the total rotational quantum number J as well as the total nuclear spin I. Using this equation the ratio of the measured populations of the two para states ͑1,1͒ and ͑2,2͒ is converted into an effective temperature which amounts to ͑140Ϯ20͒ K. In the same way the population of the lowest para and the lowest ortho state can be used to derive an effective ''para-to-ortho'' rotational temperature of ͑150Ϯ35͒ K, which has to be clearly distinguished from the translational and the ''para'' rotational temperatures because orthoto-para conversion of H 3 ϩ can only occur in collisions with H 2 in this experiment.
V. DISCUSSION
In this paper we present the first infrared absorption measurements of cold, trapped H 3 ϩ ions using chemical probing as the detection technique. The high sensitivity of this approach is evident, given that each detected ArH ϩ product ion reflects the absorption of a single infrared photon by a trapped H 3 ϩ ion. In the current experiment the excitation probability of an H 3 ϩ ion in the trap during the 20 ms of laser irradiation amounts to about 0.1%, leading to the observed 0.1-0.3 ArH ϩ ions for 300 trapped H 3 ϩ ions ͑see Fig. 5͒ . This excitation probability is in reasonable agreement with our model calculation ͑see Fig. 4͒ ; the factor of 2 difference is most likely due to the uncertainty in the overlap of the laser beam with the trapped ions.
To enhance the sensitivity of the chemical probing spectroscopy technique, several improvements are envisioned. On the one hand, longer laser interaction times are possible if the lifetime of trapped ArH ϩ is extended by lowering the H 2 partial pressure, e.g., by differential pumping between the ion source and the trap. This would also allow for higher H 2 densities in the ion source and thus a larger yield of stored H 3 ϩ ions. However, differential pumping is not implemented in the current trap setup, because it needs to be very compact to be compatible with the ion accelerator for the DR measurements in the storage ring TSR. On the other hand, stronger infrared laser sources can be employed, in particular when using a power build-up cavity to enhance the laser intensity inside the ion trap. Combining these aspects more than an order of magnitude increase in sensitivity seems feasible. An extension of the technique to lower trap temperatures is possible if the argon gas is not thermalized with the trap walls, which would lead to freeze-out, but is instead passed through the trap, e.g., as a pulsed supersonic beam. An alternative, promising approach to measure state populations at very low temperatures is to study the change in the reaction equilibrium of deuteration reactions in the presence of the absorption laser.
In this work, three different effective temperatures are derived from the absorption profiles of the three observed transitions, the translational ''Doppler'' temperature of the ions ͑170Ϯ20 K͒ and two effective rotational temperatures associated with the relative population of two para-states ͑140Ϯ20 K͒ and with the relative population of the lowest ortho state to the lowest para state ͑150Ϯ35 K͒. All three effective H 3 ϩ temperatures are consistent with each other within the experimental accuracy. This may not necessarily the case, because the translational and the rotational temperature of the separate ortho and para systems thermalize in collisions with the dominant buffer gases helium and argon, whereas ortho-to-para conversion may only occur in collisions with normal H 2 by nuclear spin re-arrangement in the H 5 ϩ collision complex. Thus the ortho-to-para temperature is not a priori expected to reflect the translational or rotational temperature.
The translational and internal temperature of the trapped H 3 ϩ ions of about 150 K is significantly larger than the 55 K temperature of the rf trap and the helium buffer gas. Three different mechanisms may explain this deviation. On the one hand, electric field inhomogeneities near the trap electrodes may lead to large amplitudes of the rf micromotion in the trap which may convert rf energy into translational and subsequently internal energy. Impurities on the rf electrodes of the trap, e.g., due to the freeze-out of argon, may introduce such patch fields. While high-order multipole rf traps have in general the property to minimize this effect, its contribution to the H 3 ϩ temperature cannot be ruled out in the present experiment. On the other hand, the background gas in the vacuum chamber that penetrates into the ion trap, predominantly H 2 from the ion source ͑see Table I͒, may not thermalize quickly enough with the trap walls, and thus leads to collisional heating of the trapped ions. However, this effect may not explain a temperature increase by more than about 10 K, because the helium and argon densities together are larger than the H 2 density by a factor of 30 and both the helium and argon buffer gas are carefully thermalized to the 55 K of the cold head, before the gas enters the ion trap. Nevertheless, the approximately 10 H 2 collisions that an H 3 ϩ ion undergoes inside the trap may be enough to equilibrate the ortho-to-para temperature through an intermediate H 5 ϩ collision complex. The third heating mechanism originates from the normal mixture of the ortho and para states of the H 2 gas component in the ion trap. Thus, 75% of the H 2 molecules are expected to occupy the lowest ortho state with Jϭ1, which carries a rotational energy of about 120 cm Ϫ1 ϭk B ϫ180 K. Quenching of the excited ortho-H 2 states in collisions with the trap walls only occurs with lifetimes of days. It is therefore possible that this energy is converted in collisions with the stored ions into H 3 ϩ internal or translational excitation. At present, it is not clear, which of these heating mechanisms plays the dominant role for the increase of the translational and rotational temperature of the stored H 3 ϩ ions with respect to the helium and argon buffer gas. The ion trap is designed to produce rotationally cold H 3 ϩ ions for dissociative recombination experiments at the storage ring. For this purpose it will be operated at 10 K instead of 55 K. At these temperatures impurities play practically no role, because all gas impurities freeze out and only hydrogen and helium remain gaseous inside the trap. Much higher buffer gas densities can therefore be employed without affecting the H 3 ϩ lifetime. If the helium buffer gas density is a factor of 1000 higher than in the present experiment, all of the above discussed heating mechanisms are expected to play a much smaller role and the ion temperature may well fall below 15 K for 10 K buffer gas temperature. At these temperatures only the lowest para and the lowest ortho states of H 3 ϩ are expected to be populated. The relative population of these two states depends predominantly on the efficiency of ortho-to-para conversion and not on the translational temperature of the buffer gas. To prepare all H 3 ϩ ions in a single quantum state, namely the lowest para-state, it will be necessary to add also para-H 2 buffer gas.
VI. CONCLUSIONS
In this paper we present results on chemical probing infrared absorption spectroscopy of a few hundred trapped H 3 ϩ ions. One of the few endothermic ion-molecule reactions of H 3 ϩ , the proton transfer reaction with argon, was utilized to detect the absorption of an infrared photon. Specifically, the ArH ϩ product ions were detected that were formed in reactive collisions of vibrationally excited H 3 ϩ ions with argon, before radiative decay can occur.
Three rovibrational transitions of the (0,3 1 )←(0,0 0 ) band were observed, the R(1,0), R (1, 1) u , and R(2,2) l transitions. The measured transition frequencies agree well with the previous values, 34 but the accuracy of the transition fre-quencies could be increased by a factor of four relative to the previous measurement and was only limited by the accuracy of the employed wavemeter. This demonstrates that chemical probing spectroscopy with trapped ions is indeed capable of producing high-resolution spectra with a very high sensitivity. From the Doppler profiles and the amplitudes of the three absorption peaks the effective translational and internal temperatures of the trapped H 3 ϩ ions were derived. They agree well with an overall temperature of 150Ϯ20 K. This ion temperature, which is about three times larger than the helium buffer gas temperature, may be explained by heating due to rf micromotion or by heating due to the H 2 constituent of the buffer gas, in particular energy transfer from ortho-H 2 .
In the near future the H 3 ϩ ions from the trap will be employed in rotational-state-selected dissociative recombination experiments at the Heidelberg storage ring TSR. In these experiments the trap will be operated at 10 K where only lowest ortho and para rotational states of H 3 ϩ will be populated.
